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Abstract 
Recently, global warming and climate change has been known as the main driving force of the extreme floods in 
urban area. Therefore, the flood and traffic problem should be solved simultaneously in the mega cities. The multi-
functional tunnel with the road and stormwater bypass is suggested as one of the solutions. A single bored tunnel 
feasible by TBM machine has the double-deck road tunnel and stormwater bypass underneath. In the multi-functional 
tunnel, the shape of the stormwater bypass is usually not circular. Therefore, the friction loss in the non-circular pipe 
should be evaluated for the accurate design. In this study, hydraulic experiment was set and the friction loss 
coefficients were evaluated using 6 different Reynolds numbers. As the result, the difference between measured and 
computed friction loss coefficients become substantial when the Reynolds number is decreased less than 2,000 for the 
laminar flow. When the stormwater pipe using the non-circular shape is designed, the different friction loss 
coefficients should be applied for the accurate calculation.  
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of HIC 2016. 
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1. Introduction 
 Recently, natural disasters such as flood have been increased due to the unusual weather that might be caused by 
global warming. Particularly, in the mega city where the heavy traffic is the main problem and the substantial 
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infrastructures are allocated in, the unexpected heavy rainfall could cause the severe flood damage. Therefore, both 
traffic and flood problems are the bounden duties in the mega cities. To achieve these purposes simultaneously, multi-
purpose tunnel, the Stormwater Management And Road Tunnel (SMART Tunnel), was constructed in Kuala Lumpur, 
Malaysia. The SMART tunnel is a storm drainage and road structure with 9.7 km of the length. The main objective of 
this tunnel is to solve the flash floods problem and traffic jams. Seoul in South Korea is also one of the mega cities in 
the world and has the same severe problems. Therefore, a multi-purpose tunnel is considered as one of the solutions.  
Tunnel Boring Machines (TBMs) are commonly used in the urban area to eliminate the expensive compulsory 
purchase of buildings and land. The large-diameter TBM tunnelling technology has made the double-deck road tunnel 
with a single bored tunnel feasible, in which the SMART tunnel also has a double-deck road tunnel and stormwater 
tunnel simultaneously. The SMART tunnel has three modes. The first mode is under normal condition. No flood water 
is diverted into the system. When the second mode is activated, flood water is diverted into the bypass tunnel 
underneath the road tunnel. The road section is still open for the traffic. Under the third mode, automated water-tight 
gates are opened to allow flood waters to pass through the road section.  
To design the stormwater tunnel located underneath the road tunnel, the design criteria for the stormwater tunnel[1] 
and underground detention basin [2] are applied with the assumption of the circular stormwater pipes. The friction 
loss coefficients of the circular pipes are well known. However, if the stormwater tunnel is located underneath the 
road tunnel, the shape could not be circular. The friction loss coefficients of the non-circular pipes have not been 
known very well. Therefore, in this study, the friction loss coefficients of the non-circular pipe which could be the 
tunnel shape underneath of the road tunnel is experimented and compared with that in the circular pipe.  
2. Hydraulic experiment 
2.1. Friction loss in pipe 
In fluid flow, friction loss is the head reduction occurred in pipe or duct flow due to the fluid viscosity near the 
surface of the pipe or duct. In practical engineering application, the friction loss (ܪ௅) follows the Darcy-Weisbach 
equation defined in eq. (1). 
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where,  ݂ is friction loss coefficient, ܮ is length of pipe, ܦ is pipe diameter, ܴ௛  is hydraulic radius, ܸ  is flow 
velocity, ݃ is acceleration of gravity. 
The friction loss is affected by whether the flow is laminar (ܴ௘<2,000) or turbulent (ܴ௘>4,000). For the laminar 
flow in a circular pipe is calculated by eq. (2). 
݂ ൌ ଺ସ
ோ௘
                (2) 
Reynolds number (ܴ௘) is dimensionless quantity that is the ratio of inertial forces to viscous forces and calculated 
by Eq. (3). For the non-circular pipe, hydraulic radius (୦) is applied instead of pipe diameter (). 
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where, ߥ is kinematic viscosity.
For fully developed turbulent flow (ܴ௘>4,000) in rough pipes, the friction loss coefficient is a function of Reynolds 
number and pipe relative roughness (ߝȀܦ) with roughness height (ߝ). The Colebrook-White equation (eq. (4)) is 
applied to calculate the friction loss coefficient in the turbulent flow. For the non-circular pipe, hydraulic radius (୦)
is also applied instead of pipe diameter (). 
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The friction loss coefficients for transition flow (neither fully laminar nor fully turbulent) are subject to large 
uncertainties.  
2.2. Similarities  
For the accurate hydraulic modelling, geometric, kinematic and dynamic similarity should be maintained between 
model and prototype. Geometric similarity means the model has the same scaled shape with the prototype. Kinematic 
similarity is that the model and the prototype should have the same ratio of velocities and accelerations. Lastly, 
dynamic similarity means that all forces acting on corresponding fluid particles and boundary surfaces in the model 
and the prototype are constant. If dynamic similarity is satisfied, kinematic similitude is automatically follows. The 
model reproduces features of the prototype but at a scale.  
Perfect dynamic similarity is often impossible to achieve, therefore, in the hydraulic experiment, the most relevant 
force ratio is only focused. Froude similarity is commonly applied to design hydraulic structures in open channel flow 
using Froude number which is the ratio between inertial force and gravity force. In the Froude similarity, Froude 
number of the model and prototype should be the same and the scale factor for length (ܮ௥) is determined by Eq. (5) 
using the lengths of model (ܮ௠) and prototype (ܮ௣). 
ܮ௥ ൌ
௅೛
௅೘
(5)
The scale factor for Froude similarity models under the geometric, kinematic, and dynamic similarities are listed 
in the Table 1.  
   Table 1. Scale factors of Froude similarity models 
Parameters  Dimensions 
Geometric similarity Length ܮ௥
Area ܮ௥
ଶ
Volume ܮ௥
ଷ
Kinematic similarity Time ඥܮ௥
Velocity ඥܮ௥
Discharge ܮ௥
ହȀଶ
2.3. Experimental setup  
In this study, Froude similarity model was adapted because the flow is dominated by gravity. The scale of the 
length between the prototype and model was 1:50. Acrylic pipe is used to design the hydraulic experiment as shown 
in Fig. 1. The hydraulic model includes an inlet detention pond, a tunnel and an outlet detention pond. Inlet detention 
pond for water supply is 1,105 mm in length and width and 909.3 mm in depth. Tunnel for the conveyance of flood 
flow is 200 mm in diameter and 4,000mm in length. Outlet detention pond for discharge release or detention is 1,840 
mm in length and width and 470 mm in depth. 
In order to measure the hydraulic grade, 19 piezometer tubes were installed at the lowest point of tunnel with the 
interval of 200 mm. Fig. 3 shows the experimental setup for the double-deck tunnel model.  
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(a) model (left) and prototype (right) (b) experimental setup 
(c)  profile (up) and plan view (down)
Fig. 1. Laboratory setup (a) cross-section of double-deck tunnel; (b) experimental setup; (c) profile and plan view 
Acrylic surfaces ensured a smooth surface to minimize the effect of roughness. The Hazen-Williams coefficient 
(ܥுௐ) associated with pipe material of copper, aluminum tubing which has similar roughness with experimental 
material, acrylic is known as 150. Therefore, friction loss coefficient, ݂, is calculated using eq. (6). 
݂ ൌ ଵ଴଺଴
஼ಹೈభǤఴఱൈோ೐బǤభఱൈ஽బǤబభళ
(6)
2.4. Experimental conditions and procedures 
As described earlier, circular pipe is assumed when the friction loss is calculated using Darcy-Weisbach equation. 
However, when the stormwater tunnel underneath the double-deck road tunnel is designed, the pipe is arc-shaped as 
shown in Fig. 2. The head loss for arc-shaped pipe is calculated from measurement in experiment.  

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G
                                                          (a) Arc-shaped pipe                        (b) Circular pipe 
Fig. 1. Cross-sections of arc-shaped pipe and circular pipe 
Discharge was supplied constantly from water supply tank and regulated by the valves for the full pipe flow. The 
experiment was carried out for six discharge cases as listed in Table 2. Discharges of prototype and model, and water 
depth of the inlet detention pond in the corresponding discharge are also listed in Table 2.  
Table 2. Water level in case discharge into model 
Cases Discharge of prototype (݉ଷȀݏ) Discharge of model  (݉ଷȀݏ) Water depth of inlet (݉ሻ
1 56.57 0.00318 0.020 
2 78.67 0.00445 0.025 
3 100.0 0.00566 0.029 
4 120.0 0.00679 0.033 
5 135.0 0.00764 0.036 
6 150.0 0.00849 0.038 
3. Results  
Fig. 3 shows experimental results for 6 discharge cases. The slope of hydraulic grade lines along the stormwater 
tunnel becomes steep as the discharges are increased. It means that energy loss is increased as the discharge become 
large amount.  
Fig. 3. Measured hydraulic grade line along the stormwater tunnel 
Using the measured hydraulic head, the friction loss coefficients are calculated from Darcy-Weisbach equation 
under the non-circular assumption. The friction loss coefficients are also calculated under the assumption of circular 
pipe. In Table 3, measured and computed friction loss coefficients are listed with the corresponding Reynolds number 
and model discharge. The frictional loss coefficient is decreased with the increase of discharge and Reynolds number, 
which is well known by previous studies.  
778   Jung Hwan Kim et al. /  Procedia Engineering  154 ( 2016 )  773 – 778 
Table 3. Measured and computed frictional loss in the discharge cases 
Cases
Discharge of model 
(݉ଷȀݏ)
Reynolds number 
Measured frictional 
loss coefficient 
Computed frictional 
loss coefficient 
1 0.00318 25,724(Laminar flow) 0.03424 0.02283 
2 0.00445 40,201(Transition flow) 0.02320 0.02135 
3 0.00566 51,132(Turbulent flow) 0.02151 0.02059 
4 0.00679 61,340(Turbulent flow) 0.02124 0.02004 
5 0.00764 68,991(Turbulent flow) 0.02073 0.01969 
6 0.00849 76,697(Turbulent flow) 0.01966 0.01938 
Measured and computed friction loss coefficients under the different Reynolds number is shown in Fig. 4. The 
effect on the friction loss coefficients caused by the shape of cross section become high as the Reynolds number is 
decreased. In the laminar flow, the energy loss is mainly caused by the friction force, while the vortex causes the 
energy loss in the turbulent flow. Therefore, the shape of cross section in the pipe flow becomes more important design 
factor in the laminar flow. 
Fig. 4. Comparison of frictional loss coefficient according to the Reynolds number 
4. Conclusion 
In the mega city, the both of the flood and traffic problems are important and the multi-functional tunnel has been 
constructed to solve those problems simultaneously. The stormwater bypass tunnel underneath the double-deck road 
tunnel has been suggested as one of the solutions. In the structure, the stormwater tunnel does not have the 
conventional circular shape of pipe. Therefore, in this study, the friction loss coefficients depending on shape of cross-
section were experimented and compared with that from the circular pipe. Hydraulic experiment with arc-shaped pipe 
is implemented under the six different Reynolds number cases. Darcy-Weisbach friction was applied to calculate 
friction loss. As the results, the friction loss coefficients in the laminar flow condition are effected substantially by the 
shape of cross section. While, there is not much differences between measured and computed friction loss coefficients 
in the turbulent flow regime. When the stormwater pipe using the non-circular shape is designed, the different friction 
loss coefficients should be applied for the accurate calculation. The further study is required to evaluate the 
quantitative effect of the pipe shape on the friction loss coefficient. 
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